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The gibberellin (GA) class of plant hormones are involved Regulation of gibberellin (GA) biosynthesis by endogenous and environmental stimuli is an important in many aspects of development throughout the life cycle of higher plants. Thus, they affect seed germination, stem factor in the control of plant morphogensis. Recent advances in the molecular biology of GA biosynthesis and petiole elongation, leaf expansion, flower induction and development, and growth of seeds and fruit. They is enabling these processes to be examined at the molecular level. The biosynthetic pathway to biologicalso mediate certain environmental effects on development. For example, GA production may increase substanally active GAs requires the action of diterpene cyclases, cytochrome P450-dependent mono-oxygenases tially in rosette plants after exposure to long days and/or low temperatures, thereby causing the rapid stem extenand 2-oxoglutarate-dependent dioxygenases. The genes or cDNAs for many of these biosynthetic sion that accompanies flowering in these species. The mechanisms whereby GA biosynthesis is regulated by enzymes have now been cloned from several different species. The dioxygenases include GA 20-oxidase, 3b-environmental and other factors, although not yet well understood, are currently being intensively investigated. hydroxylase and 2b-hydroxylase; the first catalyses the removal of carbon-20, the second catalyses the final Of the 121 GAs that have been identified to date in plants or fungi, relatively few are thought to possess step in the production of the growth-active hormones, which can be deactivated by the 2b-hydroxylases. The intrinsic biological activity. The most important bioactive GAs for vegetative growth and development are probably GA 20-oxidases, and probably also 3b-hydroxylases, are encoded by small multigene families, members of GA 1 and GA 4 , which differ in the presence or absence, respectively, of a hydroxyl group at C-13. In most species which have been shown to be expressed in a developmentally and spacially specific manner. Furthermore, that have been investigated, GA 1 is the predominant bioactive GA, although some species, including most there is evidence for rapid down-regulation of the expression of these genes by GA in a type of feedback notably Arabidopsis thaliana , contain more GA 4 than GA 1 in shoots. Moreover, such species control. Gibberellin 20-oxidase gene expression is also regulated by photoperiod in at least some long-day give a greater growth response to applied GA 4 than to GA 1 (Sponsel et al., 1997) . The general structural requireplant species. As a regulatory enzyme, GA 20-oxidase is being investigated as a target for genetic manipulaments for promotion of vegetative growth are a C 19 skeleton with a 19, 10 lactone, a carboxylic acid group at tion of GA biosynthesis. Results with model species indicate that considerable changes in GA content and C-6b and a hydroxyl group at the C-3b position (Serebryakov et al., 1984) . The presence of a hydroxyl at plant morphology can be obtained by overexpressing GA 20-oxidase genes or reducing their expression by C-2b results in loss of biological activity and its introduction is regarded as a deactivating step. Other biological introducing anti-sense DNA sequences.
responses may require different structural characteristics. Key words: Gibberellin biosynthesis, plant development, It has been found, for example, that flower formation in regulation, genetic manipulation.
Lolium temulentum is induced most strongly by GAs with a C-1,2 or C-2,3 double bond and with polyhydroxylated C and D rings ( Evans et al., 1994) .
The GAs are derived from the common diterpenoid IPP, shown orginally in bacteria ( Flesch and Rohmer, 1988) , has now been demonstrated in plastids ( Eisenreich precursor geranylgeranyl diphosphate (GGPP) via the tetracyclic hydrocarbon, ent-kaurene (Fig. 1) . Formation et al., 1996; Lichtenthaler et al., 1997a) . The new pathway involves the addition of a C 2 unit from pyruvate to of the bioactive C 19 -GAs from ent-kaurene is the result of a series of oxidative reactions catalysed by membraneglyceraldehyde phosphate to give 1-deoxy--xylulose-5-phosphate, which is converted to IPP by reactions that associated mono-oxygenases and soluble dioxygenases (Fig. 2) . Considerable progress has been made in recent include an intramolecular rearrangement (Arigoni et al., 1997) (Fig. 1) . The 1-deoxyxylulose pathway gives rise years in the isolation and characterization of genomic and cDNA clones encoding enzymes of GA biosynthesis.
to monoterpenes and diterpenes, whereas the mevalonate pathway produces sesquiterpenes, including sterols, in the These advances are providing new information on the developmental and spatial distribution of GA production cytosol. There is some interchange between the pathways due to limited movement of intermediates, possibly IPP, in plant tissues and on its regulation by environmental and endogenous factors. Another benefit is the availability into and out of plastids (Arigoni et al., 1997) . Although incorporation of 1-deoxyxylulose into carotenoids and of the enzymes for detailed biochemical studies. There may also be the opportunity for genetic manipulation of the phytol moiety of chlorophyll has been clearly demonstrated (Arigoni et al., 1997) , this has not yet been shown GA content, as an alternative to the use of chemical growth regulator application for modifying plant morphofor GAs or their precursors. However, it is likely that GAs are formed via the 1-deoxyxylulose pathway in green logy in horticultural and agronomic practice. It will also provide essential basic information on the role of GAs in tissues. For example, GAs and carotenoids have been shown to share the same pool of GGPP in transgenic plant development and on the relative importance of individual enzymes of GA biosynthesis and catabolism in tomato plants that overexpress a gene for phytoene synthase, the first enzyme that is unique to the carotenoid determining the concentration of bioactive GAs.
In keeping with the rapid progress in the field of GA pathway and for which GGPP is the substrate (Fray et al., 1995) . These transgenic plants are dwarfed and biosynthesis, there have recently been numerous reviews of the subject  have a reduced GA content, indicating that less GGPP is available to the GA pathway. MacMillan, 1997; Sun and Kamiya, 1997) . Consequently, this article concentrates on the most recent
The first steps of the GA pathway from GGPP involve two cyclization reactions, the first to copalyl diphosphate advances, with special emphasis on regulation.
(CPP), which is then converted to ent-kaurene. In higher plants these reactions are catalysed by separate enzymes,
Pathways, enzymes and genes
CPP synthase (CPS, formerly known as ent-kaurene synthase A), and ent-kaurene synthase ( KS, formerly entGibberellins are products of the general diterpene precursor trans-geranylgeranyl diphosphate (GGPP), which kaurene synthase B), respectively. These activities were shown to be present in the stroma of proplastids from is formed in plastids by the addition of isopentenyl diphosphate (IPP) units to dimethylallyl diphosphate wheat and pea shoots, and in leucoplasts from pumpkin endosperm (Aach et al., 1995) . Mature chloroplasts con- (Fig. 1) . New information on the origin of IPP in plastids has emerged recently (Lichtenthaler et al., 1997b) . It had tain little activity for ent-kaurene synthesis from GGPP and it is suggested that such activity occurs in rapidly been assumed that all terpenoids were formed from mevalonic acid. However, a non-mevalonate pathway to dividing cells (Aach et al., 1997 ) (see later). Several CPS genes or cDNAs (Ait-Ali et al., 1996; Bensen et al., 1995;  plant CPS and KS, which may act in close association (Duncan and West, 1981) . The predicted amino acid Sun and Kamiya, 1994) and two KS cDNAs ( Yamaguchi et al., 1996 ( Yamaguchi et al., , 1998 have been cloned from higher plants.
sequence of the fungal enzyme has some homology (20-25% amino acid identity) with both higher plant The polypeptides encoded by these genes contain basic N-terminal sequences rich in serines and threonines that cyclases, but does not contain the N-terminal transit sequence, suggesting it is localized in the cytosol. may serve to target the enzymes to the plastid. In the case of CPS from Arabidopsis, which is encoded by the ent-Kaurene is converted to bioactive GAs by a series of oxidative reactions , as outlined in GA1 gene, it was possible to demonstrate import of the pro-enzyme into isolated pea chloroplasts with cleavage Fig. 2 . The early steps, to GA 12 -aldehyde, involve sequential oxidations at C-19, C-7b and C-6b and are catalysed of the 50-amino acid leader sequence (Sun and Kamiya, 1994) . A cDNA clone encoding an enzyme with both by microsomal mono-oxygenases. The subsequent reactions, oxidation of GA 12 -aldehyde to GA 12 (7-oxidation) CPS and KS activities has been isolated from an unknown species of the fungus, Phaeosphaeria ( Kawaide et al., and introduction of a 13-hydroxyl group, are catalysed by mono-oxygenases or soluble 2-oxoglutarate-dependent 1997). The encoded polypeptide has M r 106 000, compared with a predicted 76 000 for the processed higher dioxygenases, depending on the tissue (Gilmour et al., 1986; Hedden and Graebe, 1982; Kamiya and Graebe, 1983) . The final steps to the bioactive hormones GA 1 and GA 4 involve oxidative removal of C-20 to give a lactone between C-19 and C-10, and hydroxylation at the C-3b position; both reactions are catalysed by dioxygenases, as is 2b-hydroxylation, which results in inactivation. The isolation of genes encoding the monooxygenases has been hampered by the difficulty in functionally expressing their cDNAs in heterologous systems. Thus, the first published example is the Dwarf3 gene of maize that was shown, on the basis of its nucleotide sequence, to encode a cytochrome P450, but its function is still unknown ( Winkler and Helentjaris, 1995) . The GA3 gene of Arabidopsis encoding the cytochrome P450 enzyme, ent-Kaurene oxidase, has now been cloned (Helliwell et al., 1998) . It seems likely that each of the mono-oxygenases of GA biosynthesis are cytochrome P450-dependent.
In contrast to the mono-oxygenases, the dioxygenases can be readily expressed in Escherichia coli as functional enzymes. In the case of GA 12 -aldehyde 7-oxidase and expression was used as a screening method to isolate 7-oxidase (CM-7OX ). Sequence comparisons were made using ClustalX and the phylogenetic relationships were determined using the PHYLIP cDNA clones encoding these enzymes 20-oxidases, which catalyse each of the oxidation reactions on C-20, resulting in its loss from the aldehyde and the formation of the C 19 skeleton. Following the first the inactive tricarboxylic acids being formed as by-products. In contrast, the pumpkin enzyme produces isolation of a GA 20-oxidase cDNA clone from pumpkin embryos , many such cDNAs have tricarboxylic acids as major products with relatively little C 19 -GAs formed (Lange 1994 . been cloned from different species (reviewed in . A phyloThe structural differences between the pumpkin enzyme and other GA 20-oxidases that determine whether C 19 -genetic comparison of 16 of the available GA 20-oxidase amino acid sequences is shown in Fig. 3 , which GAs or tricarboxylic acids are produced must be slight, since an enzyme from embryos of Marah macrocarpus also includes the pumpkin GA 7-oxidase and GA 3b-hydroxylase sequences. The 20-oxidases are encoded produces C 19 -GAs despite it being more closely related to the pumpkin enzyme than to any other GA 20-oxidase by small multigene families with members expressed in a developmentally and spatially specific manner (see below).
( MacMillan et al., 1997) . The enzymatic activity of chaemeric proteins, produced by expressing cDNAs in The degree of amino acid sequence identity between 20-oxidases in unrelated species is low (50-60%) with which sections of the pumpkin GA 20-oxidase sequence were exchanged with corresponding sequences from the members of a gene family having 65-85% identity. Between the different GA dioxygenases (7-oxidase, Marah cDNA, indicates that the C-terminus has a large influence on the outcome of the reaction (Lange et al., , the degree of sequence homology is no higher (25-30%) than between other 1997a). The GA 20-oxidases have broad substrate specificities resulting in two or more parallel biosynthetic members of the plant 2-oxoglutarate-dependent dioxygenase class of enzymes, indicating that the pathways to C 19 -GAs (Fig. 2) . However, their relative affinities for 13-hydroxylated and non-13-hydroxylated GA-biosynthetic pathway evolved at about the same period that the members of this broad class diverged from substrates vary according to species, with those from pumpkin , Arabidopsis (Phillips et al., a common ancester. It would appear, therefore, that the GA-biosynthetic pathway is of ancient origin.
1995) and pea (Martin et al., 1996) favouring the nonhydroxylated substrate GA 12 , whereas those from rice With the exception of the pumpkin enzyme, all GA 20-oxidases that have been cloned catalyse the removal ( Toyomasu et al., 1997) and wheat (NEJ Appleford, JR Lenton, AL Phillips, and P Hedden, unpublished of C-20 as their major activity, with a small amount of information) have a higher or equal affinity for GA 53 . GA 20-oxidases, the 3b-hydroxylases are encoded by multi-gene families. The available evidence indicates that the preferred substrates for GA 20-oxidases have a free carboxylic acid A cDNA encoding a GA 3b-hydroxylase was obtained from pumpkin endosperm after screening an expression group at C-19. Thus, the d-lactone compounds, such as GA 15 and GA 44 , are not oxidized by these enzymes ( Ward library with an antibody raised against the partially purified enzyme (Lange et al., 1997b) . The encoded et al., 1997), so that these intermediates must remain as free alcohols in the reaction sequence. However, vegetatprotein has <40% amino acid identity with the 3b-hydroxylases from Arabidopsis and pea, from which it ive tissues have the capacity to oxidize the lactones to the aldehydes (Gilmour et al., 1986; also differs markedly in function. It hydroxylated C 20 -GA substrates more efficiently than C 19 -GAs, and acted as 1992; Kobayashi et al., 1996) , indicating the presence of a different type of 20-oxidase in such tissues. These latter both a 3b-and 2b-hydroxylase with the tricarboxylic acid, GA 25 , which it converted first to GA 13 and then to GA 43 enzymes are apparently absent from developing seeds of pumpkin (Hedden and Graebe, 1982) and pea ( Kamiya (Lange et al., 1997b) . In pumpkin endosperm the activities of only three dioxygenases, the 7-oxidase, 20-oxidase and and Graebe, 1983), which are unable to oxidize the lactones on C-20. the 2b, 3b-hydroxylase, account for the production from GA 12 -aldehyde of all the C 20 -GAs present in this tissue. In contrast to the GA 20-oxidases, the GA 3b-hydroxylase encoded by the Arabidopsis GA4 gene However, the C 19 -GAs that are also present in high abundance in pumpkin endosperm must be produced by utilizes only substrates in which the 19-carboxylic acid group can form part of a polar bridge between C-4 and different 20-oxidase, 3b-hydroxylase and 2b-hydroxylase enzymes, which remain unidentified. The molecular clon-C-10 ( Williams et al., 1998) . The preferred substrates are C 19 -GAs, with a higher affinity for the non-hydroxylated ing of GA 2b-hydroxylases that act on C 19 -GAs has not yet been reported. intermediate GA 9
(K m 1 mM ) than for GA 20 (K m 12 mM ), the latter having a 13-hydroxy group. This substrate specificity and that of the Arabidopsis GA 20-oxidases Developmental control of GA biosynthesis are consistent with the types and relative amounts of GAs present in Arabidopsis shoots . Thus, Since it includes the first steps in the pathway to GAs from the common diterpene precursor GGPP, the the major bioactive GA is GA 4 , indicating the prominence of the non-13-hydroxylation pathway in Arabidopsis. A formation of ent-kaurene has been used as a measure of GA biosynthesis (Chung and Coolbaugh, 1986; similar difference in K m values for GA 9 and GA 20 were reported for the GA 3b-hydroxylase product of the LE Grosselindemann et al., 1991) . It is clear that the activities of CPS and KS could limit the overall rate of GA gene of pea (Martin et al., 1997) . However, in vegetative tissue of pea the early-13-hydroxylation pathway predombiosynthesis and recent evidence suggests that these early steps may be important in developmental control. inates, although GA 9 and GA 4 are present at low concentration (Poole et al., 1995) . The le mutation, now However, other regulatory factors, such as feedback inhibition and environmental signals, exert fine control designated le-1, that results in reduced stem height and was used by Mendel in his studies on inheritance, is due at later steps in the pathway. Aach et al. (1997) found that ent-kaurene synthase activity, i.e. the combined activto a single base substitution resulting in an amino acid change (A to T ) close to the active site of the enzyme ities of CPS and KS, during vegetative growth of wheat and pea shoots, is confined to the meristematic regions (Lester et al., 1997; Martin et al., 1997) . This and a second mutation at the LE locus (le-3) that also produces in the nodes of wheat plants and in the shoot apex of pea. They concluded that GA production occurs in dividan amino acid substitution result in enzymes with reduced catalytic activity, whereas the le-2 mutant gene has a base ing cells and that GAs are probably perceived shortly after cell division in the meristems. The findings of Aach deletion and encodes an inactive protein (Martin et al., 1997) . Despite the absence of a functional LE protein in et al. (1997) are supported by a detailed investigation of the sites of expression of the GA1 (CPS) gene in le-2 plants, this mutant is a semi-dwarf and produces some GA 1 (Ingram et al., 1986) . There must, therefore, Arabidopsis (Silverstone et al., 1997) . Using quantitative reverse transcriptase-polymerase chain reaction be at least one other GA 3b-hydroxylase gene expressed in pea shoots. Furthermore, the ga4-2 mutant of (RT-PCR) and transgenic plants containing a GA1 promoter-b-glucuronidase (GUS) reporter gene fusion, Arabidopsis, in which the GA 3b-hydroxylase gene contains a T-DNA insertion and is unlikely to encode an Silverstone et al. (1997) showed that GA1 expression was highest in shoot apices, root tips, developing flowers, active enzyme, produces a flowering stem, albeit of reduced height (Chiang et al., 1995) . Thus, in Arabidopsis particularly in the anthers, and developing seeds, but was also present in the vascular tissues of expanded cotyledons also, more than one GA 3b-hydroxlyase gene is expressed. A second GA 3b-hydroxylase gene has been cloned from and leaves. Consistent expression of GUS required the inclusion of part of the GA1 coding sequence as far as Arabidopsis ( Yamaguchi et al., 1998) . Thus, as for the the third exon in the reporter gene construct. In agreement cotyledons. In pea seeds CPS (LS ) transcript is present in the young seed at 4 d after anthesis, after which it is with the finding by Aach et al. (1995) that ent-kaurene synthesis occurs in proplastids, none of the tissues in undetectable until, by 20 d after anthesis, it occurs in the embryo at high abundance (Ait-Ali et al., 1996) . The which GA1 expression was detected, including the leaf veins, contain mature chloroplasts (Silverstone et al., presence of CPS mRNA corresponds with the two known phases of GA production in seeds; in peas, the first phase 1997). There is some evidence from work with pumpkin that the KS gene may be less tightly controlled than CPS occurs in the endosperm and testa and results in the formation of the bioactive GAs, GA 1 and GA 3 , as well and be expressed at higher levels ( Yamaguchi et al., 1996) . This would support earlier work, which indicated as traces of GA 4 and GA 7 (MacKenzie- Hose et al., 1998; Rodrigo et al., 1997) . In the second phase of GA producthat CPS, rather than KS activity determined the rate of ent-kaurene synthesis ( West et al., 1982) .
tion, GA 20 is formed in the pea embryo, to be catabolized by oxidation on C-2 as the seed approaches maturity Mutants of Arabidopsis with severe lesions in the GA1 (encoding CPS ), GA2 (encoding KS) and GA3 (encodes (Sponsel and MacMillan, 1977) . Young pea seeds, up to about 4 d after anthesis, contain the transcript for a GA ent-kaurene oxidase) loci contain very low amounts of endogenous GAs , and fail to germin-20-oxidase gene that is also expressed in the pod and in shoot tissues, particularly in leaves (García-Martínez ate or bolt unless treated with a growth-active GA ( Koornneef and van der Veen, 1980 1996) . Homologues of the pea GA 20-oxidase genes with similar expression patterns were identified in French bean and bolt, although they have reduced stem height. As discussed above, it is now clear that GA 20-oxidase and (Phaseolus vulgaris), in which a third gene that is expressed in older seeds, leaves and roots was also detected (García-probably also GA 3b-hydroxylase, are encoded by several genes, whereas single genes must be responsible for most Martínez et al., 1997) . There is evidence from genetic (MacKenzie-Hose et al., 1998) and metabolism studies of the CPS, KS and the GA3 enzymes in Arabidopsis. However, since null mutations in GA1 do not eliminate (Rodrigo et al., 1997) that young pea seeds contain a different GA 3b-hydroxylase than is present in vegetative GA production completely, one or more enzymes that can substitute for CPS at a very low level must be present tissues. The seed enzyme may act on substrates earlier in the biosynthetic pathway. in Arabidopsis (Sun and Kamiya, 1994) . Similarly, more than one homologue of CPS is present in maize (Bensen Very high transcript levels for three dioxygenases, 7-oxidase, 20-oxidase and the 2b, 3b-dihydroxylase, were et al. , 1995) . Three GA 20-oxidase genes have been identified in Arabidopsis (Phillips et al., 1995; measured in pumpkin endosperm (Lange et al., 1997b) . These enzymes are active in both the endosperm and 1995); the GA5 gene is expressed in the hypocotyl and petioles of the seedling (AL Phillips and P Hedden, embryo and, as a result of the unusual functions of the 20-oxidase and 2b, 3b-dihydroxylase (see above), give rise unpublished data), as well as in the stem, while At2353 is expressed in the inflorescence and silique and YAP169
to the wide range of C 20 -GAs present in these tissues. The functionally identical GA 20-oxidases in the endoexclusively in the silique (Phillips et al., 1995) . A null mutation in GA5 causes reduced stem height, but has no sperm and embryo are encoded by different genes with very similar open reading frames ; effect on flower or fruit development. Recently, a new GA-responsive dwarf mutant of Arabidopsis ( ga6) was . The dioxygenases produced in the developing embryo are apparently quite stable and their activity reported to have very short inflorescences and siliques, although the lower stem internodes were of normal length can be detected in the mature seed and during the early stages of germination, whereas their transcript is absent (Sponsel et al., 1997) . On the basis of its response to intermediates in the GA-biosynthetic pathway, GA6 is at seed maturity, although very low levels of expression occur transiently following germination (Lange et al., thought to encode a GA 20-oxidase and is a strong candidate for At2353. Both GA5 and At2353 GA 1997b). 20-oxidases appear to contribute to stem elongation in Arabidopsis and could presumably substitute in part for
Regulation by endogenous factors each other through movement of their products between tissues. The sites of expression of YAP169 have not been
There are many reports that GA 20-oxidase transcript abundance in shoot tissues is negatively regulated by GA located precisely, but its very high transcript abundance (Phillips et al., 1995) suggests that developing seeds are level, being highly elevated in GA-deficient mutants or in plants treated with inhibitors of GA biosynthesis and a likely site. Silverstone et al. (1997) found high levels of CPS (GA1) reduced when such plants are treated with bioactive GAs (Phillips et al., 1995 : Xu et al., 1995 Martin et al., 1996 ; expression in Arabidopsis endosperm, with expression also in the embryonic axis and in the primary veins of the Toyomasu et al., 1997) . This reduction is rapid and can be detected within about 3 h following GA application applied C 20 -to C 19 -GAs. Moreover, such treatment resulted in an increase in the content of GA 20-oxidase to seedlings of the ga1-2 mutant of Arabidopsis (AL Phillips and P Hedden, unpublished results). GA mRNA in the pericarp (van Huizen et al., 1997) , unlike the effect of 2,4-D observed by García-Martínez et al. 20-oxidase mRNA content is also elevated in the dwarf, GA-unresponsive gai mutant of Arabidopsis ( Xu et al., (1997) . It is difficult to reconcile these conflicting results, but the difference may depend on the stage at which the 1995) and, conversely, is very low in the slender (la cry3) mutant of pea, which grows as if receiving high concentragrowth stimulus (the presence of fertilized seeds) was removed. tions of GA, even in the absence of GA (Martin et al., 1996) . Thus, down-regulation of GA 20-oxidase transcript abundance by bioactive GAs requires at least part Regulation by light of the signal transduction pathway that operates in growth responses and is not affected directly by the levels of There is considerable evidence that GAs mediate responses of plants to photoperiod. For example, they GAs. These results support and extend earlier proposals for feedback regulation of GA 20-oxidase activity, based are involved in the rapid stem extension (bolting) that accompanies flowering in long-day rosette plants. In on analysis of GA content in mutants (Appleford and Lenton, 1991; Croker et al., 1990; Hedden and Croker, spinach, an obligate long-day plant, transfer of plants from short to long days initiates bolting and results 1992). Transcript abundance for the GA4 (GA 3b-hydroxylase) gene of Arabidopsis is much higher in in enhanced activity at several GA-biosynthetic steps, including ent-kaurene synthesis ( Zeevaart and Gage, the ga4-1 mutant than in the Landsberg erecta wild type and is reduced by treatment of the mutant with GA 3 1993) and GA 20-oxidation (Gilmour et al., 1986) . The higher levels of GA 20-oxidase activity in long days result indicating that this gene also is feedback-regulated by GA (Chiang et al., 1995; Cowling et al., 1998) .
in increased rates of conversion of GA 53 to GA 44 and GA 19 to GA 20 , whereas conversion of GA 44 to GA 19 , The results of recent investigations on fruit-set and development in pea suggest that GA 20-oxidase gene thought to be catalysed by a different enzyme, is unaffected by photoperiod (Gilmour et al., 1986 ; Zeevaart expression may also be regulated by factors other than GAs (García-Martínez et al., 1997; van Huizen et al., et al., 1990) . Transcript levels for a GA 20-oxidase gene that is expressed mainly in the shoot apex and stem of 1997). Pericarp of 3-d-old seedless fruit, in which pollination had been prevented by emasculating the flowers, spinach was also higher in long than in short days ( Wu et al., 1996) . In common with all other GA 20-oxidases contained highly elevated levels of GA 20-oxidase mRNA relative to the pollinated control, despite the imminent for which cDNA clones have been isolated, the recombinant spinach enzyme encoded by this gene catalyszed the senescence of the unfertilized ovaries (García-Martínez et al., 1997) . Treatment of the unfertilized fruit with GA 3 complete sequence from GA 53 to GA 20 in vitro and probably corresponds to the enzyme shown by Gilmour restored normal pod growth and reduced 20-oxidase transcript content to control levels, consistent with feedet al. (1986) to be regulated by photoperiod. However, the involvement of other GA 20-oxidase genes in the back regulation. Fruit-set and limited pod growth could also be obtained by treatment of the emasculated flowers photoperiod reponse cannot be discounted. In the closely related species, sugar beet, three GA 20-oxidase cDNA with the synthetic auxin 2,4-dichlorophenoxyacetic acid (2,4-D) or by removing the shoot immediately above the clones have been identified (SG Thomas, AL Phillips and P Hedden, unpublished results). flower (decapitation). The auxin treatment had little effect on 20-oxidase mRNA content whereas decapitation
Arabidopsis is a quantitative long-day plant, in which flowering and bolting occurs earlier in long than in short resulted in a massive accumulation of transcript. Thus, decapitation may remove a suppressor of GA 20-oxidase days. A slight increase in GA content, measured over the entire shoot, when plants were transferred from short to gene expression, present in the shoot apex, or result in an increase in the concentration in the ovary of factors, long days was consistent with the higher GA 20-oxidase activity found ( Xu et al., 1997) . Furthermore, expression such as cytokinins, that stimulate 20-oxidase expression (García-Martínez et al., 1997) . The negative correlation of a stem-specific GA 20-oxidase gene (GA5) increased in the shoot apex before the initiation of stem extension on between GA 20-oxidase transcript accumulation and GA 1 content/pod growth suggested to García-Martínez et al. transfer to long days ( Xu et al., 1997) . When bolting plants were returned to short days, GA5 transcript abund-(1997) that GA biosynthesis in young pericarp of pea was regulated at a different step, possibly at GA ance in the upper stem decreased, as did the rate of stem extension. In contrast, for the GA 3b-hydroxylase gene, 3b-hydroxylase, by fertilization or the presence of seeds. However, van Huizen et al. (1995) found that pericarp GA4, there was no evidence for an effect of photoperiod on the expression. growth, which had been inhibited by removal of seeds, could be fully restored by treatment with Perception of photoperiod is thought to involve the phytochromes, with evidence that phytochrome A is an 4-chloroindoleacetic acid, which stimulated conversion of important component of daylength detection in long-day when plants were grown in short days, when flowering was delayed. Specific gene silencing using antisense DNA plants ( Weller et al., 1997) . An involvement of GAs in the photomorphogenic responses mediated by the phytoprovides a method for determining the roles of the different GA 20-oxidase genes in plant development. chrome system has been suggested from work over many years that demonstrates changes in GA content and Preliminary data from a plant expressing antisense mRNA for the infloresence-specific GA 20-oxidase gene metabolism after red-light treatment and in mutants or transgenic plants with altered phytochrome content (At2353) suggests that this gene is involved in internode growth within the infloresence, as well as in flower devel-(reviewed in Chory and Li, 1997) . However, it has been difficult to distinguish between direct effects of phytoopment and growth of the silique (JP Coles, AL Phillips and P Hedden, unpublished reasults). chrome on GA metabolism and phytochrome effects on GA-mediated responses that may then lead to changes in Overexpression of the GA 20-oxidase gene from pumpkin seed, the product of which produces inactive GAs metabolism via feedback regulation of GA-biosynthetic enzymes. It is probable that both factors play a part. , may be expected to result in the conversion of endogenous C 20 -GAs to the tricarboxylic Currently, the most compelling evidence for a direct effect of phytochrome on GA metabolism is for the acids, thereby reducing the amount of C 19 -GAs formed. This approach to reducing active GA content has been 3b-hydroxylase. For example, enhancement of growth in cowpea epicotyls by end-of-day far-red light treatment tested in Arabidopsis Xu and Zeevaart, 1997) and in Solanum dulcamara (Hedden et al. , was accompanied by increased metabolism of applied GA 20 to GA 1 (Martínez-García and García-Martínez, 1998). In Arabidopsis, overexpression of the pumpkin gene had little effect on phenotype or active GA content, 1992) and decreased 2b-hydroxylation of applied GA 1 to GA 8 (Martínez-García and García-Martínez, 1995) . possibly because of the ability of the plant to maintain active GA levels through the feedback control mechanism. Recently, it has been shown that, in seeds of Grand Rapids lettuce, which require exposure to red light in However, several lines of transgenic S. dulcamara with reduced GA 1 content, shorter internodes and darker order to germinate, red-light treatment caused an increase in abundance of mRNA in the seed for a GA leaves and stems than controls were obtained by this method . In this case, although there 3b-hydroxylase . This is consistent with the earlier finding that the concentration of GA 1 in is substantial up-regulation of the endogenous GA 20-oxidase gene (DA Ward, P Hedden, AL Phillips, IC lettuce seeds increased after a brief red light irradiation and that far-red light given after red light suppressed this Curtis, and MR Davey, unpublished results), it appears that the level of expression of the pumpkin gene, driven increase ( Toyomasu et al., 1993) .
by the CaMV 35S promoter, is such that full compensation by the plant is not possible. Overexpression of the Genetic manipulation of GA biosynthesis pumpkin GA 20-oxidase has been shown also to cause dwarfism in lettuce (Niki et al., 1998) . The utility of this Modification of GA content through genetic manipulation of the expression of biosynthesis genes provides an approach is thus likely to vary according to species. However, the work with these model systems has demonalternative to the application of growth regulators for controlling plant architecture. Furthermore, specific strated the feasiliblity of altering GA content by genetic manipulation. It seems likely that the technology will be changes in the abundance of biosynthetic enzymes may provide information on the relative importance of these expanded to other genes of the biosynthetic pathway as they become available. enzymes to the total flux through the GA-biosynthetic pathway. As a highly regulated enzyme, GA 20-oxidase has been investigated as a target for genetic manipulation Concluding remarks . In Arabidopsis cv. Columbia, overexpression of GA 20-oxidase genes causes longer
In the last five years, a range of different strategies, including protein purification, degenerate PCR, genomic hypocotyl and petiole lengths, accelerated bolting and a longer stem at maturity. Thus, it appears that GA subtraction and expression cloning, have been used to isolate genomic and cDNA clones encoding GA-biosyn-20-oxidase activity is an important determinant of GA content throughout the life cycle of Arabidopsis, as indithetic enzymes. To date, clones for more than half of the enzymes catalysing the conversion of geranylgeranyl cated by the relatively high abundance of C 20 -GAs in shoots of this plant . Plants in which diphosphate to the bioactive GAs have been obtained. The availability of these clones has led to rapid progress expression of the stem-specific GA 20-oxidase gene (GA5) was reduced by expressing antisense mRNA for this gene in our understanding of the regulation of GA-biosynthesis by endogenous and environmental factors. There have resembled the ga5 mutant, with reduced hypocotyl and petiole length and shorter stems. The effects of the altered been several unexpected findings, such as the multifunctionality of several dioxygenases and the existence of expression of the GA5 gene by antisense were more severe skeleton is not of mevalonate origin. Proceedings of the multi-gene families for a number of the genes, with 
